In this work we present ab initio shell-model calculations for electric quadrupole moments and magnetic dipole moments of sd shell nuclei using valence-space Hamiltonians derived with two ab initio approaches: the in-medium similarity renormalization group (IM-SRG) and the coupledcluster effective interaction (CCEI). Results are in a reasonable agreement with the available experimental data as well as with the results from the phenomenological USDB effective interaction. This work will add more information to the available ab initio results for the spectroscopy of sd shell nuclei.
I. INTRODUCTION
The study of atomic nuclei using first principles is an important topic in the nuclear structure physics. The anomalous behavior for nuclei close to the drip line can now be explained using ab initio approaches. The inclusion of three-body forces was found to be crucial for explaining the exact location of the drip-line for oxygen and calcium isotopes [1, 2] . Although ab initio calculations are difficult for heavier nuclei, recently spectroscopy of sd shell nuclei using different ab initio approaches has been reported in the literature. Using the in-medium similarity renormalization group (IM-SRG) approach, ab initio predictions for the ground and excited states of doubly open-shell sd nuclei have been reported in Ref. [3] . Also ab initio coupled-cluster effective interaction (CCEI) was derived and used to calculate the levels in p and sd shell nuclei successfully [4] [5] [6] . A mass-dependent effective Hamiltonian in a 0 Ω model space for the sd shell nuclei, starting from a no core shell model Hamiltonian in a 4 Ω model space with the realistic J-matrix Inverse Scattering Potential, fitted to nuclei with masses up to A = 16 (JISP16) and chiral next-to-next-to-next-to leading order (N3LO) N N interactions, has been reported in Ref. [7] . The recent experimental results of 24 F have been theoretically interpreted with IM-SRG in Ref. [8] and a coupled-cluster interpretation has been presented for recently populated levels in 25 F [9] . In all these papers, the focus was on the spectroscopy of p and sd shell nuclei.
In the present work, our motivation is to test the ab initio Hamiltonians derived from the two approaches, IM-SRG and CCEI, by calculating electromagnetic properties of sd shell nuclei. The results of this work will add to the earlier studies in Refs. [3] [4] [5] 7] , where only spectroscopic properties (spins, parities, and level energies) of these nuclei were reported. We compare our results to the available experimental data as well as with the cal-culations using the phenomenological USDB shell-model interaction [10] .
The paper is organized as follows. In Sec. II, we present the details about the Hamiltonians from ab initio approaches. In Sec. III, we present the theoretical results along with the experimental data wherever these are available. Finally, a summary and conclusions are presented in Sec. IV.
II. HAMILTONIAN
In this work, we have performed shell-model calculations for which the valence-space Hamiltonian was derived using two modern ab initio approaches: inmedium similarity renormalization group (IM-SRG) [3] and coupled-cluster effective interaction (CCEI) [4] . We have also compared the results with calculations using the phenomenological USDB effective interaction [10] . For the diagonalization of the matrices we have used the shell-model code NUSHELLX [11] .
Using in-medium similarity renormalization group (IM-SRG) [12] based on chiral two-and three-nucleon interactions, Stroberg et al . derived mass-dependent Hamiltonians for sd shell nuclei [3] .
The starting Hamiltonian H is normal-ordered with respect to |Φ 0 where, H d (s) is the diagonal part of the Hamiltonian and H od (s) is the off-diagonal part of the Hamiltonian. The evolution of H(s) with s is given by
where η(s) is the anti-Hermitian generator of unitary transformation
The off-diagonal matrix elements become zero as s → ∞ for an appropriate value of η(s). Here, the sd valence space is decoupled from the core and higher shells as s → ∞. Now we use this resulting Hamiltonian in the shell-model calculations with Ω=24 MeV. Further details about the parameters are given in Ref. [3] . There is another ab initio approach, named the coupled cluster effective interaction, which we use in this paper for calculating the electromagnetic properties of nuclei in the sd shell. The effective interaction developed from this approach has already been successfully used to calculate the spectroscopy for open sd shell deformed nuclei [4] . For the effective interaction from this approach, we have also used a Hamiltonian which is A-dependent:
.
The N N and N N N parts are taken from a nextto-next-to leading order (N2LO) chiral nucleon-nucleon interaction and a next-to-next-to-next-to leading order (N3LO) chiral three-body interaction, respectively. A cutoff scale Λ = 500 MeV is used for the N N part and Λ = 400 MeV for the N N N part. These interactions are constructed using the similarity transformation group method (see Ref. [5] for further details). In this approach, a Hartree-Fock ground state in 13 oscillator major shells with Ω=20 MeV is used. The CCEI Hamiltonian for shell-model calculations can then be expanded as
Here
, and H Ac+2 0 are called core, onebody, and two-body cluster Hamiltonians, respectively. This expansion is known as the valence cluster expansion. Similar to this Hamiltonian, any operator can be expanded in the valence space for the shell model calculations.
The two-body term is computed using the Okubo-LeeSuzuki (OLS) similarity transformation. We get a nonHermitian effective Hamiltonian in this procedure. The metric operator S † S is used to make the Hamiltonian Hermitian. The resultant effective Hermitian Hamiltonian used for the shell model is [
Finally, we have also compared our ab initio results with the shell model calculations using the phenomenological USDB interaction. The USDB interaction is fitted to two-body matrix elements [10] , originally derived from a G-matrix approach. This interaction is fitted by varying 56 linear combinations of two-body matrix elements.
The shell model code NUSHELLX@MSU is a set of wrapper codes written by Brown. It uses a protonneutron basis. With this code, it is possible to diagonalize J-scheme matrix dimensions up to ∼ 100 million.
III. RESULTS AND DISCUSSIONS
The magnetic dipole moment is defined as the expectation value of the dipole operator in the state with maximum M projection as
Here, g l and g s are the orbital and spin gyromagnetic ratios, respectively. By applying the Wigner-Eckart theorem,
The electric quadrupole moment operator is defined as
The spectroscopic quadrupole moment (Q s ) is defined as
We have used the harmonic-oscillator parameter Ω = 45A −1/3 − 25A −2/3 MeV for all the three calculations. The calculated values of the electromagnetic properties of sd shell nuclei with e p = 1.5e, e n = 0.5e, and g ef f s = g f ree s using the two ab initio interactions as well as the phenomenological USDB shell-model interaction in the sd model space, along with the experimental data, are shown in the Tables I and II. In Ref. [14] , the suitable values of g factors and effective charges for sd shell nuclei are given. However, in the present work, we have compared magnetic and quadrupole moments with two ab initio effective interactions along with phenomenological USDB effective interaction using free-nucleon g factors and standard values of effective charges in our calculations. The magnetic moments have been taken from Ref. [15] and more recent data were obtained from a compilation maintained by Mertzimekis under the IAEA auspices [16] . Recently, the experimental quadrupole moments for sd shell nuclei have been evaluated and the recommended values were presented in Ref. [17] along with shell-model calculations using the USD and SDPF-U interactions. We have used these experimental quadrupole moments in Table II . The values not available in this evaluation are taken from the specified references.
The experimental static and dynamic moments for Ne, Na, Mg and Al isotopes up to 20 neutrons, at the borders of (or inside) the island of inversion, are reported in Refs. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . For explaining the intruder configuration of neutron-rich nuclei (∼ N = 20), we need the sd − pf model space. Using the SDPF-U-MIX effective interaction in the Ref. [33] , it was shown the island of inversion region emerges around N = 20 and N = 28 for Ne to Al isotopes. The island of inversion is also known as island of deformation, which is due to nucleon-nucleon correlations. Because of the correlation energy, we get a deformed ground-state band and the spherical mean field breaks. The normal-order filling of orbits in the case of island of inversion candidates ( 30 Na, 31 Na, 31 Mg, and 33 Al) vanishes, where 33 Al is found to be at the border of the island of inversion [32] . The IM-SRG and CCEI ab initio effective interactions contain excitations of particles within different shells (∼ 13 oscillator major shells), projected to a particular sd model space. The static and transitional quadrupole moments of nuclei lying in the island of inversion region show a drastic enhancement of quadrupole collectivity compared to neighboring nuclei. This has been attributed to a combination of a reduction in the N = 20 shell gap due to the tensor part of the nucleon-nucleon monopole interaction and enhanced quadrupole correlations induced by neutron excitations across this reduced shell gap. The moments of these isotopes have been very well described using the phenomenological shell-model interactions in an enhanced sd-pf model space where such neutron excitations are included, as illustrated e.g. in Refs. [24, 27, 32, 34] . The spectroscopy of other sd shell isotopes, including their moments, has been very well described by shellmodel calculations in the sd valence space using the phenomenological effective interactions, such as USDB [14] . However, the recent ab initio calculations reproduce also very well the spectroscopy of these sd shell isotopes, even improving an accurate description of their structure. It will be interesting to see how well they reproduce the ground-state static and dynamic moments.
For the oxygen isotopes, the calculated values of the The experimental data for magnetic moments of Ne isotopes are available from 19 Ne to 25 Ne, while the quadrupole moments are available for 21, 22, 23 Ne. In Ref. [36] , shell-model results of magnetic moments are reported with USD and CW interactions for odd 23−25 Ne isotopes. Shape changes are reported to occur from collective to single particle in Ne isotopes when moving from 19 Ne to 25 Ne. It is shown that the magnetic moment is more sensitive than the quadrupole moment for deciding the structure of the nucleus. Our calculated results using ab initio approaches for magnetic moments are showing reasonable agreement with the experimental data except for 23, 25 Ne isotopes. We have reported the quadrupole moments for 20−23 Ne isotopes. Both ab initio results are in good agreement with the experimental data. In the case of 20 Ne, the calculated Q 2 + with all the three interactions is approximately −0.15 eb, while experimental value is −0.23(3) eb.
In the 26−31 Na chain [23] , it is claimed that the experimental results of the magnetic moments for 26−29 Na are well described with sd model space using the USD Hamiltonian. The disagreement appears for the 30−31 Na magnetic moments. The 30,31 Na isotopes are suggested to be members of the island of inversion, as shown by Utsuno etal. [37] . We have calculated the magnetic moments for the g.s. for 20−31 Na isotopes. In the case of 21, 22 Na and 24 Na, the magnetic moments are also given for the first excited state. The results obtained from ab initio approaches for the g.s. are in reasonable agreement with the experimental values (Fig. 1) . In the case of 24 Na, for the magnetic moment (for the first excited state), the sign is reverse using IM-SRG while CCEI gives the sign which is in agreement with the experimental data. We have calculated the quadrupole moments for 20−23 Na and 25−31 Na. For 26 Na, ab initio IM-SRG interaction is giving same sign of the quadrupole moment as in the phenomenological effective interaction. Experimentally, the sign has not yet been confirmed. In the case of 30 Na, the results obtained from theory are far from the experimental value because 30 Na is an element of the island of inversion. To explain the quadrupole moment for 30 Na we need pf model space. Utsuno etal. [37] , performed theoretical calculations in sdf 7/2 p 3/2 model space using SDPF-M interaction [47] for 27, 29 Na isotopes using the Monte Carlo shell-model approach.
For Mg isotopes, the sd shell-model space is able to explain the experimental data reasonably well up to 29 Mg with all the three interactions. However, in the case of 27 Mg, IM-SRG interaction gives opposite sign with the experimental data. In the case of 23 Mg, for Q(3/2 + ), the experimental sign has not yet been confirmed. Recently, the sign of magnetic moment has been measured using laser spectroscopy at CERN-ISOLDE [48] . Shell model calculations predict a positive sign for the quadrupole moment. In the case of 27 Mg, the negative magnetic moment for the ground state is dominated by the νs 1/2 configuration. The IM-SRG fails to reproduce the correct sign of its magnetic moment, although it is also predicting νs 1/2 configuration for the ground state. For 29 Mg, the g.s. spin is I = 3/2 (νd 3/2 ), and all interactions give the correct sign of the magnetic moment. The sd model space is not able to reproduce correctly the measured ground state 1/2 + for 31 Mg. For this isotope, a strongly prolate deformed ground state is reported in Ref. [20] . Recent theoretical results reveal the existence of 2p − 2h and 4p − 4h configurations for 32 Mg [49] . mentally, the sign of the quadrupole moment is confirmed only for 26, 27 Al isotopes. For 26 Al, the CCEI result for quadrupole moment is in reasonable agreement with experimental data, while for 27 Al, the result of quadrupole moment with IM-SRG is better than CCEI.
In the Si chain, the magnetic moments for 27, 29, 33 Si isotopes are calculated for the g.s. while for 28, 30 Si isotopes they are for the first excited state. For 28, 29 Si isotopes, the magnetic moments from the CCEI approach are in reasonable agreement. The calculated µ(1/2 + ) for 29 Si is suppressed with IM-SRG in comparison with the experimental data. The ab initio interactions are giving smaller values with the opposite sign of µ(5/2 + ) for 27 Si in comparison to the experimental data and with USDB interaction; however, the experimental sign is tentative. The quadrupole moment is calculated for 27 Si, 28 Si, and 30 Si. For 30 Si, all the three interactions fail to reproduce the correct sign of the quadrupole moment.
We have also reported the magnetic moments of 28,29,31,32 P, and all the calculated results support positive signs for P isotopes in the g.s. except 32 P. For 32 P, IM-SRG supports the experimental sign but the magni- tude is larger in comparison with the experimental value. We have also calculated the magnetic moment of 31,32 S and the quadrupole moment of 32,33 S. The CCEI results for magnetic moments ( 32 S) and quadrupole moments ( 33 S) are in reasonable agreement with the experimental data.
The calculated g factors with ab initio interactions for the yrast levels in even-even N = Z nuclei are ∼ 0.5. Thus, the calculated value is in agreement with the experimental value as reported in Ref. [50] .
In Fig. 1 , we have shown the comparison between the experimental and theoretical magnetic dipole moments for F, Ne, Na, Mg, Al, Si, and P isotopes. From this figure, it is clear that ab initio interactions are not giving value close to the experimental data for heavier Z nuclei. The deviation between the calculated and the experimental data is large for P isotopes. In the Figs. 1 and  2 , we have shown comparison only for the g.s. of those nuclei which have confirmed experimental signs. Apart from this, we have also plotted the g.s. of those data for which all the interactions are giving the same sign but their experimental signs are not yet confirmed.
The g.s. quadrupole moments for F, Ne, Na, Mg and Al isotopes are shown in the Fig. 2 is very far from IM-SRG and USDB interactions as well as with the experimental data; also, the wave function is different from IM-SRG and USDB. In the case of CCEI interaction for the 28 Al(µ 2
) result, we have one unpaired proton and one unpaired neutron in s 1/2 orbits whereas in USDB and IM-SRG interactions, we have one unpaired neutron in s 1/2 orbits, and one unpaired proton in d 5/2 orbit. Although, USDB and IM-SRG are also not in very good agreement with the experimental data. In 32 Al, all the three interactions give same structure for the wave function but still CCEI result for Q 1 + 1 is far from the experimental data. In 27 Si, the structures of wave function for CCEI interaction is due to two unpaired protons and one unpaired neutron, whereas in IM-SRG and USDB interactions come from one unpaired neutron in d 5/2 orbit. In the case of 30 Si, the CCEI result for
is very far from the experiment, the structure coes because of the two unpaired protons which are in s 1/2 and d 5/2 orbits, while for IM-SRG and USDB interactions two unpaired neutrons are in d 3/2 and s 1/2 orbits.
) and
), the structures of wave functions for IM-SRG are very different from USDB and CCEI interactions. For these nuclei, we can see results from Tables I and II that show the IM-SRG results are very far from the experimental data. For 28 Na, 25 Mg, 32 Al, 29 Si, and 29 P all three calculations give the same structure of the wave functions. But we can see from Table I a deviation of one of the ab initio results with the other two interactions and the experimental data. For 28 P, all the three calculations give same structure but the magnitude of USDB result is closer to the experimental data. However, the experimental sign has not yet been confirmed.
IV. SUMMARY
In the present work using two ab initio approaches we have reported the quadrupole and magnetic moments for sd shell nuclei with the shell model. We perform calculations with effective interactions derived from inmedium similarity renormalization and coupled-cluster approaches. Along with ab initio interactions, we have also compared these results with the phenomenological USDB interaction. The results show reasonable agreement with the available experimental data. This work will add more information to previously known spectroscopic properties of sd shell nuclei from ab initio approaches. 
